This paper presents the results of a seismic non-destructive testing (NDT) survey on a reinforced concrete pier cap of a bridge column using tomographic imaging techniques. The velocity and attenuation tomograms were obtained to inspect the floor of the pier cap. The pier cap block is the critical part of a pre-stressed reinforced concrete bridge. The propagation velocity tomogram revealed that the average P-wave velocity is about 3450 m s −1 . The attenuation tomogram showed an average value equivalent to ∼1 dB m −1 . Both tomograms showed similar spatial distribution and implied that the solidification of most of the reinforced concrete of the pier block was quite uniform. Zones of relatively lower velocity and higher attenuation were found in the corners and the two opposite sides of shorter length. Direct invasive drilling into the problematic locations of the floor found relatively poorer solidification, supporting the interpretation of the non-destructive tomographic imaging.
Introduction
As a major non-destructive testing (NDT) tool, seismic techniques have been used in quality control and quality assessment for engineering projects for airports, highways and bridges for decades (e.g., Hearne et al (1981) and Lee et al (1998) ). Fuelled by the rapid development of portable personal computers, high-performance computing algorithms and electronic engineering technology, seismic techniques have evolved dramatically during recent years (Sheriff and Geldart 1995) . Computerized tomography is among one of these rapidly developing fields. This paper reports a seismic tomography case study on a cast reinforced concrete pier of a concrete highway bridge.
The quality of reinforced concrete bridge decks and columns is critical to the safety of highway systems and the durability of a bridge. Reinforced concrete bridge design requires substantial knowledge of the quality of the concrete (e.g., Menn (1990) and Taly (1998) ). The quality includes both the absolute value of the bulk compressive strength and the uniformity of concrete casting solidification. A conventional test of the quality of reinforced concrete elements of a bridge uses a static load to derive the stress-strain curve to estimate the elastic parameters to determine if the engineering work has met the design standard (e.g., Petrou et al (1996) ). The static loading test is expensive and time consuming. Seismic NDT can provide an indirect, less expensive and quicker way to extract concrete solidification information. Thus, it is of great interest to bridge engineers.
Seismic methods are the most widely used techniques in petroleum exploration (Sheriff and Geldart 1995) . These methods, especially the seismic reflection techniques, are quite mature after decades of development and improvement. Nevertheless, seismic exploration is continuously experiencing rapid advances and evolution, stimulated by the petroleum industry's high demand for improving the imaging of complicated subsurface structures, driven by the goal of higher economic profits. One emerging technique using a seismic source and receiver system for advanced imaging is computerized tomography (CT), similar to what has been used in biomedical imaging studies. The reason for using such an advanced technology is that most hydrocarbon reservoirs coincide with very complicated geological structures (i.e., synclines, anticlines, faults, etc); precise velocity images provide a fundamental base for conducting accurate seismic migration to extract structural information. Compared with the seismic techniques in petroleum exploration, in the engineering world the reflection method has been used primarily for seeking waveform variations related to reflection and diffraction from voids and defects inside a piece of engineering work. In contrast to the reflection method, seismic transmission tomography uses a seismic source and receiver system to directly image velocity and attenuation variations that are associated with physical property changes of engineered media.
Instrumentation
In general, a seismic exploration and testing system contains an energy source, one or more receivers and a data recording system. While explosives are commonly used sources for petroleum exploration of targets as deep as several kilometres, the sources for engineering exploration and tests can be generated in simpler ways, for example, by hitting the ground or engineering objects with a sledgehammer or even a smaller hand hammer. In this study, an impact on the bridge pier cap with a 1000-gram (g) hammer was used for seismic signal generation. Usually, the lighter the hammer, the higher the source frequency, and the shorter the survey distance. As a contrast, a much larger sledgehammer (8-12 kilograms (kg)) can be used in seismic exploration for groundwater and foundation engineering exploration purposes, because the distances between the source and most remote geophones are much greater and can be as far as several hundred metres apart, much greater than the source-transducer distance used in the NDT surveys. On the other hand, the typical frequency band for sledgehammer source is only about 100 Hertz (Hz) (Keiswetter and Steeples 1995) .
The energy propagates away from the source as seismic waves that are picked up by the receivers. In petroleum exploration, the commonly used receivers are geophones that use a moving magnet inside a coil to respond to the ground vibration caused by the passing of the seismic waves. The intrinsic frequency for geophones ranges from tens to hundreds of hertz. The corresponding wavelengths (λ) are tens to hundreds of metres (λ = v/f , with λ being the wavelength, v the velocity and f the frequency). The imaging resolution is about one-half to one-quarter of the signal wavelength. Since an engineering target may be much smaller than a petroleum exploration target, a receiver with higher intrinsic frequency should be used. Piezoelectric crystal sensors are commonly used as detecting receivers for engineering testing purposes.
The typical size of a civil engineering object is several to tens of metres. Thus, the desired wavelength for engineering NDT should be of the order of a metre to achieve resolution that is a fraction of the size of an engineering object. If the typical P-wave seismic velocity in anthropogenically engineered materials is 3000-5000 metres/sec (m s −1 ), the proper frequency range of the seismic waves to achieve the aforementioned wavelength would be of the order of several kilohertz (kHz). Though a source with a shorter impulse and hence broader bandwidth, such as that used in the ultrasonic NDTs, can be used to achieve higher resolution, the detection range is shorter.
For the seismic engineering non-intrusive testing reported in this paper, a high frequency, multifunctional, engineering data acquisition system (MEDA-3B) was used to acquire seismic data. A sketch and a block diagram of the MEDA-3B system are shown in figure 1 .
MEDA-3B is a multi-channel, digital, computercontrolled engineering NDT field data acquisition instrument. Based on the objective of a particular survey, either single channel or multiple channels can be chosen. The maximum number of channels is 16, but only 7 channels were used for acquiring the data presented in this study. The sampling frequency of the acquisition system can be set as high as 1 megahertz (MHz) for one channel. Nevertheless, limited by the communication bandwidth between the data acquisition unit and the computer, the sampling frequency needs to be lower when multiple channels are used simultaneously. The total number of samples in one channel has been set to be a constant of 1024 for the MEDA-3B data acquisition system. Thus, in practice, the sampling frequency is set to be 100 kHz when using the tomography technique.
A group of piezoelectric crystal transducers (Type SYD-II, Guo, personal communication) were used to detect the seismic acceleration signals. The SYD-II transducer has an intrinsic resonance frequency of 3.4 kHz, with an uncertainty of 0.2 Hz. The sensitivity is 54.6 millivolts per gravity acceleration on earth (mV/g, with g = 9.8 m s −2 ). A photograph and a schematic sketch of a piezoelectric crystal transducer are shown in figure 2. The consistency in sensitivity and polarity of the piezoelectric crystal transducers were experimentally tested and demonstrated. These consistencies underlie the foundation of discussions of attenuation tomography conducted by this study.
Field measurement layout
The bridge used in this seismic NDT study is a steel fibre reinforced concrete highway bridge. There are three piers for supporting the beams for the roadway. The heights of these piers are approximately 50-60 metres (m). The pier cap blocks are critical because they not only support the weight of the bridge deck vertically but also support the tension of steel wire ropes horizontally. Figure 3 shows a schematic of the cap block structure of this highway bridge on Pier 1; the other two piers are identical.
The structure of the pier cap is a rectangular box (figure 3). There are two manholes on the opposite sides in the direction of the roadway (figure 3) to allow access to the inside for engineering operations. The quality of pier cap block's floor is critical to the strength of the bridge because the floor supports the tension in the pre-stressed steel ropes that connect the Seismic non-destructive testing on a reinforced concrete bridge bridge piers. To have a quality assessment of the condition of the pier cap to see if it meets the design standard, the seismic NDT surveys were conducted on 16-19 July 1995, about six months after the casting of the piers. Before the tomographic survey, a seismic reflection test was also conducted on the floor of the pier cap inside this concrete block. The source (a hand hammer) and only one transducer were used with a constant source-sensor separation of 10 centimetres (cm). A typical reflection time-domain record and its amplitude spectrum are shown in figure 4. Spectral analysis shows that the central frequency of the signal is about 3.5 kHz (figure 4(b)).
For seismic tomography, the MEDA-3B system acquired seismic signals using seven channels. The first channel is a reference channel that provides the origin time for the recorded seismograms and the other six are data channels. A piezoelectric crystal transducer was placed 10 cm away from the source and served as the reference channel. Each source and the corresponding reference channel were placed outside the pier cap at the level of the floor (with a size of 8 m × 6 m), along one of the longer sides (length of 8 m, see figure 3) of the pier cap. Another six receiving transducers were placed outside the floor on the opposite side and recorded as the six data channels. Thus, in the tomography survey the seismic rays are transmitted and received in a horizontal plane through the floor (figure 3). The spacing between two adjacent source positions or two adjacent transducer positions is 30 cm. The number of source points and receiving points were 24 on both sides. After the survey for one source was finished, the source moved to the next position and the same procedure was repeated again until the entire length of the source side was covered. Consequently, there were 24 × 24 = 576 traces acquired to construct a velocity tomogram of the floor. The entire coverage of the ray paths is illustrated in figure 5 . To cover the entire length of 8 m of the longer side of the pier cap's floor using only six transducers, four leapfrogs of the six transducers were used for each individual source. A group of typical seismic records collected in the tomographic testing mode is shown in figure 6 . Details of seismic tomography data reduction and image reconstruction are described in the next section.
Seismic tomography
Seismic tomography uses technology invented in the biomedical field to image the interior of the earth or engineered structures. The spatial distribution of seismic velocity and attenuation are imaged and then correlated with properties directly related to physical conditions. The velocity is determined by the elastic properties and density, and the attenuation is determined by the inelastic property of the medium.
Velocity tomography
The direct compressional wave (P-wave) is the first arriving phase in a seismogram. The first arrival travel time is obtained from the time difference of the arrival at the reference channel and each recording channel. The travel time readings were then put into the following equation as the observational data. The equation for travel time can be written as
where L is the ray path, v is the velocity, s is the slowness (the reciprocal of velocity), dl is the length element, and t is the travel time. This equation can be written in matrix form as
where G(x) is the integration operation with respect to x. For velocity tomography, x is the distribution of slowness (the reciprocal of velocity) in the model, and b is the data vector of the travel times. As we will show in the next subsection, the same form of (2) exists for the attenuation tomography. Equation (2) is nonlinear and usually underdetermined. The Gauss-Newton method is used to linearize it and Tikhonov regularization (Tikhonov and Arsenin 1977) is used to obtain a stable minimum-structure solution. The finite difference method for calculating travel times developed by Zhou and Liu (1999) was used at each iteration step to get an updated ray path and travel time.
In general, the coverage is excellent in the central part and poor on both sides along the major axis of the pier cap block. This pattern of coverage implies that the tomogram obtained by this set-up may have a higher quality in the central part and relatively poor one around the circumference because there were fewer rays passing through the grid near the circumference than through the grid near the centre. The velocity tomogram generated by the inversion approach described above is shown in figure 7 . The image of the velocity distribution shows that the P-wave velocity is relatively uniform over the entire floor, with a general trend of lower values at corners and on the two opposite sides along the major axis of the floor. Nevertheless, the range of velocity variation is very small, from a maximum of 3480 m s −1 to a minimum of 3420 m s −1 .
Attenuation tomography
The attenuation of seismic waves in earth and engineered materials is a direct reflection of the anelasticity and imperfection of the material (Liu et al 1998, Wang and Guo 2004) . To estimate the attenuation, assume that the process of seismic wave propagation can be described by linear system theory. If the amplitude spectrum of an incident wave is S(f ) and the medium and instrument response is G(f ) · H (f ), then the received amplitude spectrum R(f ) may be, in general, expressed as
In (3), the factor G(f ) includes geometrical spreading, source and receiver coupling, radiation pattern and reflection and transmission coefficients. H (f ) describes the attenuation effect on the amplitude and can be called the attenuation filter. We assume that the effects included in factor G(f ) are not frequency dependent. Thus, we can simplify it as G(f ) = G.
In seismic wave propagation problems, the quality factor Q can be defined as the ratio of the total kinetic energy and energy loss in one vibration cycle. Numerous field observations have demonstrated that the quality factor Q appears to be a constant over a large frequency range in the seismic signal bandwidth. This is widely accepted in the geophysics community and is referred to as the constant Q model. By adopting this assumption, it is straightforward to infer that the attenuation is proportional to frequency, that is to say, α = α 0 f , α 0 can be regarded as an intrinsic attenuation coefficient. Thus, the medium response to seismic waves over the entire ray path from the source to the receiver in any material can be written as where the integral is taken along the ray path L. Our goal is to estimate the medium response H (f ), or more specifically, the intrinsic attenuation coefficient α o , from the input spectrum S(f ) and the output spectrum R(f ). To overcome difficulties that arise from estimating the attenuation directly from amplitude decay, which is always inaccurate and cumbersome, Quan and Harris (1997) developed a method based on spectral centroid downshift over a range of frequencies to estimate the attenuation coefficient α o :
where f S and f R are the centroid frequency for the source and receiver, respectively; σ S is the variance, or bandwidth, of the source signal. Liu et al (1998) have used this approach to study saline water flow path in fractured bedrock delineated by attenuation of electromagnetic waves. The relationship shown in (5) states that the attenuation is proportional to the centroid frequency difference which has downshifted from the original source centroid, f S , to the centroid of the received signal, f R . The total amount of centroid frequency downshift depends on the attenuation characteristics along the seismic ray path. Equation (5) 
The attenuation tomogram for α o obtained by the approach outlined above is shown in figure 8 . The attenuation tomogram clearly shows that the central part of the floor has low attenuation, with high attenuation at both sides along the major axis of the connecting pier block. The attenuation is particularly high along the edge of the right-hand side (figure 8). The range of attenuation variation is from a maximum of about 7 × 10 −4 dBs m −1 to a minimum of L Liu and T Guo . The velocity tomogram (figure 7) and attenuation tomogram (figure 8) show that low velocity and high attenuation all occurred close to the periphery and corners. This is consistent with the generally believed correspondence between high velocity and low attenuation in most solid materials.
Discussion of results
In a relative sense, it is apparent that the pier cap floor of Pier 1 is quite homogeneous and has no obvious defects based on the examination of the distribution of velocity and attenuation over the entire cap floor from the tomograms (figures 7 and 8). Nevertheless, seismic velocity and attenuation are still somewhat too indirect to be used in engineering practice.
Geophysicists and engineers have made substantial efforts to correlate wave physics with desired engineering parameters such as the compressive strength or elastic modulus. For example, some research has concentrated on correlating the ultrasonic wave velocity with compressive strength for concrete specimens under laboratory conditions (Popovics 1998 , Zhao et al 1996 , Guo and Liu 1999 . Many empirical relations between velocity and compressive strength have been proposed. Based on the relation of the compressive strength C (in megapascal, MPa) and the ultrasonic compressive wave (P-wave, or the longitudinal wave) velocity v p (in metre per second, m s −1 ) obtained by Popovics (1998) is:
Similarly, Zhao et al (1996) reported a relation of
for concrete specimens from a particular engineering site. These relations are for laboratory experiments on specimens of pure concrete. The proposed velocity-strength relations are specimen and equipment dependent. Good engineering practice should use a unique velocity-strength relation solely for the particular project from which the specimens were taken. Furthermore, an ultrasonic signal has a wavelength of the order of centimetres (e.g., the wavelength is 4 cm for an ultrasonic wave with a frequency of 100 kHz propagating in a concrete specimen with a velocity of 4000 m s −1 ). The wavelength relative to the scale of heterogeneity plays an important role in determining the propagating velocity of the signal. For a hybrid material that contains two elements with velocities v 1 and v 2 , and a relative fraction d 1 and d 2 (with the spatial periodicity d = d 1 + d 2 ), two cases are discussed below. For the case where the wavelength is smaller than or close to the spatial periodicity (λ d), the ray theory velocity 1
is a proper value to describe the medium property (Marion et al 1994 , Hovem 1995 . In contrast, a seismic wave propagating through reinforced concrete is a more complicated case because the wavelength is longer, and the reinforced concrete contains both concrete and reinforced steel bars. Based upon the relative ratio of the wavelength of the seismic signal and the spatial periodicity of the rebar-concrete spacing, the value of measured wave velocity may vary significantly. For example, for the seismic NDT reported in this paper, the fundamental frequency of the signal is about 3 kHz, the measured velocity is 3450 m s −1 and the resulting wavelength is about 1.2 m, a length much greater than the rebar spacing (10-30 cm). For the case where the wavelength is much larger than material spatial periodicity, the effective medium velocity,
should be a good approximation of the observed velocity (Marion et al 1994 , Hovem 1995 , where E is the effective Young modulus and ρ is the effective density. The effective parameters are defined as 1
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For simplicity and without losts of generality, we employ a simple one-dimensional model and some typical values for density and dynamic modulus of steel and concrete (table 1) to discuss the dependence of velocity on the concrete-rebar structure. These values are generic ones given as typical values of the materials used to form reinforced concrete (e.g., Dorf (1996) ). The illustration of the effect of rebar in concrete is shown in figure 9 . The horizontal axis of figure 9 is the fraction of steel material: 0 means no steel and 1 means all steel. The vertical Figure 9 . Illustration of the ray theory velocity and the effective medium velocity of composite material with steel rebars and concrete using a one-dimensional model. For waves with wavelengths much longer than the steel/concrete spatial periodic recurrence, the propagating velocity approximates to the effective medium velocity that has a value lower than both velocities of the pure steel and the pure concrete for fractions of steel ranging from 0.0 up to 0.8. axis is the velocity. It is clear that the ray velocity is a kind of an average velocity, which has values between the velocity of pure concrete and pure steel depending on the fraction of each material. On the other hand, the effective medium velocity may have a value lower than both the velocities of pure concrete and pure steel in the intermediate range of steel material fraction. The explanation of this phenomenon is as follows. For a periodically mixed composite medium consisting of two materials, the composite material becomes dispersive. The incident wave may travel at both the phase velocity and the group velocity. When one of the two materials is dominant, more wave energy travels at the phase velocity of that material. When the ratio of the two materials approaches unity, more and more wave energy travels at the group velocity. When the inter-bedding periodicity becomes shorter and shorter, the group velocity slowdown becomes larger and larger (Hovem 1995, Molchanov and Vainberg 2004) .
The measured P-wave velocity of 3450 m s −1 can be treated as the effective medium velocity, since the wavelength (more than 1 m) is much longer than the size of the heterogeneity (here the steel rebar spacing at about 10 cm scale). We can estimate the corresponding ray theory velocity to be about 4300 m s −1 , a value corresponding to the ultrasonic testing, as indicated by the vertical bar in figure 9 . Putting the velocity of 4300 m s −1 into the relationship between the ultrasonic velocity (the ray theory velocity) and the compressive strength of the concrete gives a value of 22 MPa using (7), and a value of 18 MPa using (8), values in the range of the generally accepted design values (10-40 MPa) of the compressive strength for reinforced concrete bridges (Menn 1990 ). However, this value is still significantly lower than the designed compressive strength of 50 MPa for the highway bridge on which our seismic NDT was applied. This should be confirmed by direct testing of specimens taken from the bridge construction site.
Caution needs to be exercised when assessing the absolute values of the elastic parameters of the concrete elements of a bridge from a seismic NDT. It is clear that all aspects involved in the seismic survey could contribute errors to the absolute value of the seismic velocity. Potential sources of errors include the set-up of the survey, the characteristics of the instrument response, measurement errors in the direct wave arrival times and the size and aperture of a particular piece of concrete block. It is more rational to regard the seismic tomographic results in a relative sense rather than weighing the absolute values. Moreover, it is worth pointing out that the non-uniform distribution of the sources and receivers (only used two long sides of four sides of the pier cap) may also have contributed to the non-uniformity of the tomograms. Nevertheless, the side effect should account for no more than 2% of the average values of the velocity and attenuation.
Conclusion
Seismic velocity and attenuation tomography techniques were used to inspect the solidification of the pier cap of a reinforced concrete bridge pier cap. The results of the seismic surveys were directly compared and cross-checked with concrete from cored samples acquired from the floor at locations with distorted waveforms and low seismic velocities. In general, the solidification quality of this pier cap block is quite homogeneous. Concrete sample coring from most of these locations showed a relatively lower degree of solidification. The cross-check results indicated that the seismic inspection was quite effective and credible. In the future, a seismic source with higher energy and higher frequency may result in a tomogram with better resolution. Moreover, an approach using data fusion from multiple geophysical techniques may hold promise to improve cost effectiveness in quality control and quality assessment of engineering works.
